Conclusions: The present study is the first investigation that examined the distribution of circulating cTfh cell subsets in Kawasaki disease. Both cTfh cells and serum IL-21 are essential to the pathogenesis of KD. Our study provides further understanding of the immune response involved in KD and offers novel insights in the pathogenetic mechanism of this disease.
Methods: According to the differential expression of inducible co-stimulator (ICOS) and programmed cell death protein 1 (PD-1), cTfh cells were divided into distinct subsets. We used flow cytometry and flow cytometric bead arrays (CBA) to analyze subsets of CD4 + CXCR5
+ T cells and serum IL-21 levels. The samples were collected from control subjects and Kawasaki disease patients in the acute and remission phases. Conclusions: The present study is the first investigation that examined the distribution of circulating cTfh cell subsets in Kawasaki disease. Both cTfh cells and serum IL-21 are essential to the pathogenesis of KD. Our study provides further understanding of the immune response involved in KD and offers novel insights in the pathogenetic mechanism of this disease.
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Background
Kawasaki disease (KD) is an acute febrile vasculitis that was first reported in 1967 [1] . KD most commonly occurs in infants and children under five years of age and is characterized initially by high fever, mucocutaneous inflammation, edema of the extremities, polymorphous rash, and cervical lymphadenopathy (≥1.5 cm diameter) [2] . The exact pathogenesis of Kawasaki disease remains unknown. Generally, it is believed that KD is secondary to infectious agents, triggering an aberrant immune response in genetically susceptible individuals [3, 4] . The treatment efficacy of intravenous immunoglobulin (IVIG) administered during the acute phase of the disease further confirms the fundamental involvement of immune response dysregulation in the pathogenesis of KD. Therefore, the understanding of the factors that regulate the abnormal immune response in KD is important for developing strategies for the management of KD patients. Both innate and adaptive immune systems are involved in the pathogenesis of KD. The innate immune system presents high numbers of activated circulating neutrophils and elevated levels of serum cytokines, such as interleukin (IL)-1, IL-6, and tumor necrosis factor alpha (TNFα) [5] . The reduction in the numbers of neutrophils and cytokines levels following IVIG administration [6] is regarded as a consequence of the downregulation of the nuclear factor kappa B (NF-κB) signaling pathway in monocytes/macrophages [7] . Although T cells have traditionally been considered to play essential roles in adaptive immune responses, the alterations in the percentage of T cells in KD are a subject of controversy and different investigators have reported conflicting results [8] [9] [10] . It has been concluded that the variation in T cells could be further investigated based on of their subpopulations and cytokine levels [5] . Current studies that examined the variation of T-cell subpopulations with regard to KD have generally investigated T helper cells [11, 12] , regulatory T cells [13] , and cytotoxic T cells [14] ; however, the role of follicular helper T (Tfh) cells in KD remains to be elucidated. B cells are also important participants in the adaptive immune responses. In acute phase of KD, studies about B cells found increased CD19 + cells [15] and elevated levels of serum immunoglobulins (IgA, IgG, IgM and IgE) [16] . Accordingly, it can be speculated that Tfh cells may be involved in the pathogenesis of KD due to their ability in homing B cell to the germinal centers (GC), regulating GC positive selection, and inducing B cell differentiation to plasma cells and memory B cells via the secretion of IL-21 [17] [18] [19] . However, suppressed plasmablast responses [20] and reduced IgA-expressing B cells [21] in KD were also reported. Hence, the studies conducted on Tfh cells are important in clarifying the role of B cells in KD, since Tfh cells can aid the function of B cells.
Tfh cells were initially identified in the GC of secondary lymphoid tissues and have been shown to express the CXC-chemokine receptor 5 (CXCR5). The percentage of Tfh cells can be detected by the expression of inducible co-stimulator (ICOS) and programmed cell death protein 1 (PD-1), two CD28 superfamily molecules [22, 23] . ICOS delivers positive signals to CD4 + T cells by interacting with dendritic cells and B cells that express an ICOS ligand, which is involved in Tfh cell differentiation [24, 25] . In contrast to ICOS, the inhibitory signals [26, 27] that block the interactions between PD-1 and the ligands PD-L1 and/or PD-L2 have been shown to increase the differentiation of Tfh cells [28, 29] . The assessment of GC Tfh cells in patients, particularly in children, is subject to huge limitations, due to poor access to lymphoid organ samples. Despite these disadvantages, the establishment of circulating Tfh (cTfh) cells [26] from blood samples offers a surrogate strategy to analyze Tfh responses. Circulating Tfh cells are believed to represent a memory compartment of GC Tfh cells that express B-cell lymphoma 6 protein (Bcl-6), which is downregulated when the cells enter the circulation [30] . Circulating Tfh cells share the phenotype and functional properties of GC Tfh cells [31, 32] . Current understanding of cTfh cells suggests that they can be classified into distinct subsets according to the differential expression of ICOS and PD-1. Typically, they were divided into one activated subset (ICOS + PD1 ++ ) and two quiescent subsets (ICOS − PD1 − and ICOS − PD1 + ) [33] . The majority of ICOS + PD1 ++ cTfh cells express Ki67, which is a cellular marker for proliferation. On the contrary, the two quiescent subsets lack the expression of Ki67 [34] . Furthermore, in comparison, ICOS + PD1 ++ cTfh cells display the most efficient capacity in helping naïve or memory B cells. Thus, investigation on the variation in cTfh-cell subsets would be beneficial for better understanding the level of their activation. IL-21 is recognized as a hallmark for cTfh cells [33] and belongs to the type I cytokine family. This cytokine is a highly potent stimulator of plasma cell proliferation and differentiation [35] . IL-21 is also believed to be an autocrine growth factor for Tfh cells [36] . However, the role of IL-21 in cTfh cells remains to be fully elucidated.
T cells comprise a heterogeneous population; therefore, in the present study, we aimed to analyze the distinct subsets of circulating Tfh cells that were defined by characteristic Tfh markers and serum IL-21 levels. The examination of their expression levels and the correlation among the subgroups can be used to further clarify the immunopathogenesis of KD.
Materials and methods
Patients
A total of 24 hospitalized pediatric patients with KD ranging from six months to five years in age and 20 age-matched control subjects were enrolled from May 2015 to November 2016 (14 cases in the Department of Pediatrics, The First Hospital of Jilin University, China and another 10 cases in the Department of Pediatrics, Children's Hospital, Changchun, China). Among the KD patients, only one was diagnosed with coronary artery lesions by echocardiography. All KD patients underwent detailed physical and laboratory examinations, and were diagnosed according to the criteria of the 2004 American Heart Association (AHA) statement [37] . Patients with other autoimmune diseases were excluded. All individuals were treated with IVIG at a cumulative dose of 2 g/kg within two days and 30-100 mg/kg/d of aspirin in divided doses from the time at which the diagnosis was established until defervescence. Disease remission was achieved following treatment without recurrence in all patients. None of these children had received other medical therapy for at least one month. The samples were collected from patients in both the acute and remission phases of KD. Acute phase (AP) refers to the period from diagnosis establishment to IVIG administration. Remission phase (RP) is defined as the time from which patients are afebrile for at least 48 h before discharge. The control group comprised eight children with hexadactyly, four children with wryneck, and eight children with hernias and without any other autoimmune diseases or infections in the previous month. The samples were obtained before surgery. The study protocol was approved by the ethics committee of The First Hospital of Jilin University. Written informed consent was obtained from the parents of each child.
The following laboratory parameters were recorded: white blood cell count, absolute neutrophil and lymphocyte counts, serum immunoglobulins (Ig) G, A and M, C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR).
Flow cytometric analysis
Blood samples were collected separately from controls and KD patients in different phases. Peripheral blood mononuclear cells (PBMCs) were isolated from individual KD patients and control subjects by density-gradient centrifugation at 800×g for 30 min at 25°C using Ficoll-Paque Plus (Amersham Biosciences, Little Chalfont, UK). Freshly isolated PBMCs (4 × 10 6 /mL) were cultured in 10% fetal calf serum RPMI-1640 (Hyclone, Logan, UT, USA) in U-bottom 24-well tissue culture plates (Costar, Lowell, MA, USA) and stimulated for 1 h with or without 50 ng/mL of phorbol myristate acetate (PMA) in the presence of 2 μg/mL of ionomycin (Sigma, St. Louis, MO, USA). The cells were then treated with Brefeldin A (10 μg/mL, GolgiStop™, BD Biosciences, San Jose, CA, USA) for an additional 5 h. For flow cytometric analysis, PBMCs were stained in duplicate with BV510-anti-CD3, APC-H7-anti-CD4, BB515-anti-CXCR5, PE-Cy5-anti-CD45RA, PE-CF594-anti-CD279 and BV421-anti-CD278 (Becton Dickinson, San Jose, CA, USA) at room temperature for 30 min. Subsequently, the cells were fixed, permeabilized, and stained with PE-anti-IL-21 (Becton Dickinson). Multicolor flow cytometry (FACSAria™ II, BD Biosciences) was used to determine the percentages of distinct cTfh cells, and the data were analyzed with FlowJo software (v5.7.2; FlowJo, Ashland, OR, USA).
Measurement of serum IL-21 levels by cytometric bead array (CBA)
Serum IL-21 concentrations were detected using a CBA human soluble protein master buffer kit (BD Biosciences) according to the manufacturer's instructions. The samples were further analyzed with a flow cytometer (FACSAria™ II, BD Biosciences), and quantified using the CellQuest Pro and CBA softwares (Becton Dickinson).
Statistical analysis
Statistical data were performed with SPSS version 22.0 software. A P value lower than 0.05 (P < 0.05) was considered to indicate statistical significance. All data were expressed as the median and range values. The differences between groups were analyzed using the Kruskal-Wallis test. The Wilcoxon matched pairs test was applied to assess the differences between the AP and RP data. The relationship between different variables was evaluated using the Spearman's rank correlation test.
Results
Patient characteristics
A total of 24 patients with KD and 20 control subjects were recruited in the present study. Five samples of KD patients in RP were unavailable due to advanced discharge. The demographic and clinical characteristics of patients and control subjects are shown in Table 1 . No significant differences were detected with regard to the paremeters age and sex between the KD and the control groups. Although white blood cell count and the number of absolute neutrophils were significantly higher in the KD group, no significant differences were noted in absolute lymphocyte counts between the two groups. The CRP and ESR values were significantly elevated in the KD group compared with that noted in the control group. In addition, serum IgG levels were significantly lower in the KD group than those in the control group. However, no significant differences were To ensure proper gating strategy, isotype controls were used to determine the gating parameters (Additional file 1: Figure S1 ). These cell populations were measured by gating initially live lymphocytes, subsequently CD3 + CD4
+ T cells, and finally CD4 + CXCR5 + T cells (Fig. 1A) . CD4 + CXCR5 + T cells were considered circulating Tfh cells. No significant differences were noted in the percentages of total cTfh cells in the AP and RP KD groups compared with the control group (P = 0.2964 and P = 0.7369, respectively; Fig. 1Ba ). The percentages of ICOS high PD-1 high cells were significantly higher in both the AP and RP groups than those noted in the control groups (P = 0.0001 and P < 0.0001, respectively; Fig. 1Bb ) and a similar pattern was observed in the percentages of ICOS + PD-1 + cells (P = 0.0003 and P < 0.0001, respectively; Fig. 1Bc) . However, the percentage of ICOS − PD-1 + cells was significantly increased in the AP, but not in the RP groups (P = 0.0007 and P > 0.9999, respectively; Fig. 1Bd ). In contrast, the percentages of ICOS − PD-1 − cTfh cells in both the AP and RP were significantly lower than those in the control group (P < 0.0001 and P = 0.0002, respectively; Fig. 1Be) . Moreover, a significant elevation in the percentage of ICOS Similarly, serum IL-21 levels were significantly elevated in both the AP and RP (P < 0.0001 and P = 0.0011, respectively; Fig. 2c ). The data indicated that although the overall percentage of cTfh cells remained stable, significant variations were noted among the cTfh cell subpopulations and serum IL-21 levels. This further suggested that the RP represents a transitional period from the AP to recovery, in which clinical symptoms and characteristics improve, despite the continuation of the immune response. 
Variation of cTfh-cells subsets and serum IL-21 levels after treatment
To further investigate the role of cTfh cells in KD patients, we explored the percentages of distinct cTfh-cells subsets in the RP. As shown in Fig. 4 , heterogeneous variations were noted in the cTfh-cell subsets, although this effect was not statistically significant in the CD4 + CXCR5 + T cells (P = 0.9563, Fig. 4a) . However, the percentages of ICOS high PD-1 high and ICOS + PD-1 + cTfh cells further increased in the RP (P < 0.0001, Fig. 4b ; P = 0.0003, Fig. 4c) . Furthermore, the percentages of ICOS + PD-1 − and ICOS − PD-1 − cTfh cells were also significantly increased (P < 0.0001, Fig. 4d ; P = 0.0017, Fig. 4e ). In contrast to these observations, the percentages of ICOS − PD-1 + cTfh cells and CD45RA − IL21 + cTfh cells, as well as the serum IL-21 levels were significantly decreased (P < 0.0001, Fig. 4f ; P = 0.0008, Fig. 4g ; P < 0.0001, Fig. 4h ). The data of the present study demonstrated that certain cTfh cell subsets further increased following drug administration and clinical improvement. It was notable that in the RP, only the + T cells were significantly increased in Sjögren' s syndrome subjects [39] . Our previous study in children indicated that the percentage of cTfh cells correlated with the pathogenesis and progression of Henoch-Schönlein purpura [40] . In the present study, we found that although the overall percentage of cTfh cells remained stable, marked variations were noted in the percentages of cTfh-cell subsets and the levels of cytokines. In the AP, the percentages of ICOS ++ cTfh cells, which is an activated subset, but also because this phenotype is similar to that of GC Tfh cells, which are ICOS [35] . In other words, the increase of ICOS high PD-1 high cTfh cells likely represents the activation of cTfh cells. Hence, our results suggested that cTfh cells were activated in the AP, and they were persistently activated in the RP. Although the function of these subsets cannot be clarified in the present analysis, the absence of a correlation with IL-21 levels despite the increased percentages of these subsets, indicates that these cells may not secrete IL-21 efficiently in RP [34, 41, 42] . Furthermore, Franco et al. [43] indicated that the expansion of circulating central memory T cells but not effector memory T cells could be detected even at 1 to 3 months following the onset of the disease. This expansion aims to protect patients against future exposure to the stimuli of KD. Whether these further increased subsets in RP are circulating central memory cells remains to be clarified.
Since its discovery in 2000, IL-21 has been shown to perform antitumor and antiviral functions and to participate in the development of autoimmune diseases via the Janus kinase (JAK)-signal transducer, the activator of transcription (STAT), the mitogen-activated protein kinase (MAPK) and the phosphoinositide 3-kinase (PI3K)-AKT signaling pathways [44] ; however, the mechanism underlying the role in KD is unknown. Several studies have been conducted on the role of IL-21 in KD. One study in a Korean cohort demonstrated that IL-21 represents a sensitive and specific biomarker of KD [45] . In accordance with this report, we found elevated serum IL-21 levels in the AP, while the corresponding levels were reduced in the RP. However, Engelberg et al. reported that IL-21 levels were also elevated in febrile controls [46] . Therefore, serum IL-21 levels appear to be a sensitive, but not specific, indicator of active KD. Additionally, serum IL-21 levels may be regulated by IgG levels [45] . In the present study, we observed lower levels of serum IgG and higher expression levels of IL-21 in the AP, while in the RP the IgG levels were shown to increase [47] and IL-21 levels [51, 52] , while other studies have indicated that Tfh cells can be generated without IL-21 expression [53] . Alternatively, it has been shown that IL-21 alone is insufficient to enhance the expression of CXCR5 [54] . Thus, it can be hypothesized that IL-21 acts as a cooperator, rather than a conductor of Tfh cell differentiation, which is a complex process regulated by IL-21, IL-12, IL-6, BCL-6, and ICOS [35, 54] . In the present study, we investigated the percentage of total cTfh cells and the serum IL-21 levels in KD patients during different phases of the disease progression. It is interesting to note, that no significant variation was noted in the percentage of CXCR5 cells regardless of the levels of IL-21, indicating that no definite correlation between IL-21 levels and cTfh cell differentiation in KD.
Unfortunately, the correlations between coronary artery lesions and cTfh cells were not analyzed in the present study. However, a recent study revealed associations of coronary artery lesions with a number of clinical characteristic, particularly CRP and ESR [55] . It was noted that KD patients with CRP levels higher than 30 mg/L and ESR higher than 40 mm/h exhibited a higher incidence of coronary artery lesion. Moreover, the percentage of ICOS − PD-1 + cTfh cells correlated negatively with ESR and CRP, indicating the possibility of an increased percentage of ICOS − PD-1 + cTfh cells to act as a protective barrier against coronary artery lesions. This hypothesis may provide a new therapeutic approach in preventing coronary artery lesions. According to our clinical observations, coronary artery lesions were present in the patients without significant elevation of CRP and ESR. In addition, not all of the patients with high CRP and ESR possessed coronary artery lesions. It can be speculated that the pathogenesis of coronary artery lesions in KD is diverse, possibly due to epigenetic effects [56] and genetic polymorphisms [57] . Therefore, investigation of the association between cTfh cells and the development of coronary lesions are required. Besides, another limitation of the present study shoud be mentioned. The exact function and mechanism underlying the further increase in the cTfh cell population during the RP remain to be elucidated. Focus will be given on these issues in the subsequent studies.
Conclusions
In summary, significant variations were identified in the percentages of cTfh-cell subsets and the level of serum IL-21 in Kawasaki disease. Our results indicated that IL-21-secreting cTfh cells were essential for both the acute and remission phase of KD. It also can be concluded that cTfh cells were activated in the acute phase and persistently activated in remission phase. To the best of our knowledge, this is the first investigation of serum IL-21 levels in terms of the distribution of circulating cTfh cell subsets in KD. Our data provide further understanding of the immune responses of KD and novel insights in the pathogenesis of this disease.
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